ABSTRACT. We wished to characterize the carbohydrate fermentation by intestinal flora in formula-fed infants and in breast-fed infants. We also wished to compare the carbohydrate fermentation process in the two groups to determine whether differences that existed between groups could help explain the observation that breast-fed infants usually have milder forms of acute gastroenteritis. We performed in vitro incubations of fecal samples from nine formula-fed and 14 breast-fed infants and examined the samples for fermentation characteristics, the effect of acid pH on bacterial fermentation, and changes in carbohydrate fermentation in relation to the age of the infant. Fecal samples were incubated, with and without the addition of lactose, at a pH of 6.8 and at a pH of 5.5. Volatile fatty acids and carbohydrates were determined in the incubates. The addition of lactose to the incubate at pH 6.8 resulted in significantly increased volatile fatty acid production and larger amounts of lactose, glucose, and galactose compared with the values observed in 1-h incubates to which no lactose was added. At pH 5.5, volatile fatty acid production was significantly lower in both groups compared with that at pH 6.8, and the accumulation of monosaccharides in the incubate of feces of formula-fed infants increased significantly (p c 0.05). In contrast, in stools from breast-fed infants, incubation at pH 5.5 resulted in a greater proportion of saccharides as lactose, i.e. a decrease in the amount of lactose hydrolyzed (p c 0.01), accompanied by a nonsignificant increase in the amount of hexose. The decrease in lactose hydrolysis in breast-fed infants results in a lower luminal osmolar load, which may provide a partial explanation for the fact that acute gastroenteritis is milder in this population. (Pediatr Res 27: [165][166][167][168][169] 1990) Abbreviations VFA, volatile fatty acids CHO, carbohydrate Although there is substantial variation among infants in the type and number of bacteria in the feces, a number of studies have demonstrated qualitative differences in the fecal flora of
infants who have been fed human milk compared with that of infants fed formulas. Some studies have found a predominance of bifidobacteria in the feces of breast-fed infants (1-3), but others have questioned this observation, especially in breast-fed infants born in modern hospitals (4, 5) . Different bacteria ferment CHO by different pathways, which provides an opportunity for characterization of the fecal flora on the basis of its metabolic properties (6, 7) . This approach to the characterization of the flora also provides information on bacterial function, i.e. the formation of VFA, which has immediate physiologic and function importance for the host.
Our objectives were to 1 ) investigate whether differences in the fermentation patterns of bacteria could provide part of the explanation for the fact that diarrhea in breast-fed infants is less severe than in formula-fed infants, 2) examine the effect that acid pH has on bacterial fermentation of carbohydrate, and 3 ) determine whether age-related differences exist in the scale and quantity of lactose fermentation and whether, in turn, these differences are related to the type of feeding of the infant. We therefore performed in vitro carbohydrate fermentation studies with the feces of formula-fed and breast-fed infants, with and without the addition of lactose, at pH 6.8, as in stools of normal infants, and at pH 5.5, the value that often exists in infants with diarrhea and carbohydrate malabsorption. We measured the accumulation of hexoses and VFA.
MATERIALS AND METHODS
Feces were collected only from infants who were exclusively either formula-fed or breast-fed. All infants had been delivered vaginally, and none had any illness or gastrointestinal problems. Only two of the formula-fed infants had received antibiotics and then only during their first 48 h after birth; at the time of the study both infants were more than 1 mo old. Neither the breastfed infants nor their mothers had received antibiotics. All infants were thriving appropriately. Eligible formula-fed infants were receiving ad libitum amounts of casein-based, proprietary formulas that contained lactose, a mixed vegetable-fat blend, and no supplemental iron (Enfamil, Bristol Myers, Evansville, IN; or Similac, Ross Labs., Columbus, OH) . No infant received any supplemental feeding. The protocol was approved by the Baylor Institutional Review Board for Human Research.
Fecal collection and preparation. Stools were collected at the Clinical Research Center at Texas Children's Hospital or at the infants' homes: they were scraped from the diaper and placed in a plastic bag, kept at ambient temperature, and delivered to the laboratory. Stool processing was begun within 1 h of defecation. Stools were homogenized for 2 min in 2 vol of 0.1 M PBS solution (pH 7.0) with a Stomacher Lab Blender 80 (Tekmar Co., Cincinnati, OH). Aliquots were divided into thirds, placed in 50-mL Vacutainers, and prepared for analysis. In the first aliquot, no carbohydrate was added, and the pH was adjusted to 6.8 by the addition of appropriate amounts of concentrated NaOH; in the second aliquot, a lactose solution (105 pmol/g 166 LIFSCHITZ ET AL. stool homogenate) was added, and the pH was adjusted to 6.8; and in the third aliquot, a lactose solution (105 pmol/g stool homogenate) was added, and the pH was adjusted to 5.5 by the addition of concentrated HCl or acetic acid. Fecal pH was determined using an Accumet pH meter, model 805 MP (Fisher Scientific, Orangeburg, NY). We were unable to collect sufficient fecal material to perform incubations without lactose at pH 5.5.
Tubes were gassed with N2 to create anaerobic conditions, capped, and incubated for 1 h at 37°C. At the end of the incubation, the tubes were immediately frozen to interrupt further fermentation. These tubes were stored frozen for later analysis of VFA and CHO. In addition, a baseline stool sample, which did not undergo any incubation, was also analyzed for VFA and CHO.
Analyses of volatile fatty acids and carbohydrate by HPLC. A 5-mL aliquot of fecal homogenate was centrifuged at 9000 x g for 20 min at 2°C. The supernatant was then filtered through a microconcentrator with a M, cutoff of 3000 D, by centrifugation at 7000 x g for 1 h at 2°C. Three 10-pL aliquots of this filtrate were then analyzed for short-chain fatty acids by ion-exclusion HPLC (Water Associates, Milford, MA). Chromatography was effected on an ORH-801 cation exchange column using 0.2 mmol/L solution of ultrapure sulfuric acid (nominal pH 3.4). The method for VFA analysis is detailed elsewhere (8). VFA were detected with a conductivity detector against standards of formic, lactic, acetic, propionic, and butyric acids.
Lactose, glucose, and galactose were separated by HPLC on a Sugar Pack 1 column in the Ca form. Elution was with water containing 0.1 mmol/L solution of Ca-EDTA. Peaks were identified with a refractive index detector. The dry weight of the stool samples was determined by drying approximately 0.5 g of sample in an oven (95°C) until constant wt was reached.
Data analysis. To analyze the fermentation patterns in the presence of additional lactose, and in particular the distribution among bifidobacteria-type, homolactate, and propionate fermentation reactions, the data are expressed in two forms: overall carbon balance, i.e. g lactose carbon hydrolyzed and VFA carbon produced, and the pattern of fermentation, i.e. pmol of totally formed product or pmol of product per pmol fermented lactose. In both calculations, the results were adjusted for the amount of VFA produced in control incubations at pH 6.8 with no added lactose. The total carbon in all products (lactate, formate, acetate, propionate, butyrate, and carbon dioxide) was divided by 12, to give the molar amount of lactose required for the product array. All values were then converted to moles product produced per 100 mol of substrate hexose (two hexoses per lactose) fermented. This allowed a true comparison of all fermentations, regardless of fermentation equations and pathways.
The rate of fermentation was calculated directly from the quantities of VFA produced. The rate of lactose hydrolysis was calculated from the amount of lactose that remained after incubation. Measured VFA production accounted for 88 to 95% of the nonsaccharide carbon. Of the residual carbon, more than 50% could be accounted for by C 0 2 production (not measured), which would have been associated with the measured synthesis of propionate (reaction 2, below). To calculate the contributions of different pathways to total VFA production, we assumed that the following pathways dominated the process of fermentation (9) Paired t tests were used to determine the significance of differences between the various treatments of feces from infants within the same feeding group. The Mann-Whitney test was used to determine the significance of differences between incubates of feces that underwent the same treatment but were from infants of different feeding groups. The amount of lactose added to the incubates was calculated from the wet wt of the stools, therefore regression analysis was performed to determine whether the amount of added lactose influenced results based on the dry wt of the stools.
RESULTS
Feces from nine formula-fed and 14 breast-fed infants were studied. The mean ages of the two groups were similar (mean f SEM 67.1 f 18.6 and 77.6 f 15.5 d for formula-and breast-fed, respectively, range 10 to 174 d). The concentration of butyrate was so low that results of this VFA are not included in this report.
Baseline composition and incubation without lactose. The stools of the formula-fed infants contained a significantly higher proportion of dry matter than those of the breast-fed group (mean f SEM; 23.2% f 1.5 versus 16.9% f 1, p < 0.05). The results, however, are expressed per U wet wt of stool, because analyses based on per U dry wt did not alter our conclusions.
The fresh feces from breast-fed infants contained significantly more lactose than those from formula-fed infants, but there were no significant differences in the contents of hexoses or lactic acid (Table 1) . Total VFA was higher ( p C 0.05) in feces from the formula-fed group than in those from breast-fed infants (mean k SEM; 204 k 19 versus 1 10 -+ 17 pmol/g wet feces), largely a result of the higher contents of formic (data not shown), acetic, and propionic acids in the feces of the formula-fed infants ( p < 0.05) ( Table I) .
After a 1-h incubation without added substrate, the amounts of lactose and monosaccharides decreased slightly and those of lactate and VFA increased. The pattern of the VFA was unaltered, and the differences observed in the baseline samples were essentially preserved (Table 1) .
One-h incubation with lactose at pH 6.8. The data from incubations with added lactose (Table 1) were adjusted for values obtained from incubations without lactose (Table 1 ) to obtain net CHO utilization and VFA production values (Tables 2 and  3 ). Because the amount of lactose solution added to the incubates was calculated on the basis of wet stool wt, we had to determine whether the amount of lactose added may have influenced the results. Regression analysis indicated that neither the amount of lactose added nor the dry wt of the stools had an effect on the amount of CHO in the incubate at the end of 1 h at either pH 6.8 or 5.5. The incubation did not result in net production of formate and the results are not included.
During the incubation, more than 90% of the added lactose was hydrolyzed (Table 2 ). The increase in VFA production accounted for 54 and 50% (in formula-fed and breast-fed groups, respectively) of the hydrolyzed lactose. The sum of carbon present as hexose and VFA was less than the amount of lactosecarbon hydrolyzed. The difference was 16% in formula-fed and 11% in breast-fed groups. A portion of the difference could be explained by the generation of COz during the fermentation process. At pH 6.8, the fermentation capacity of the fecal flora was less than the capacity to hydrolyze lactose. As a result, both glucose and galactose increased to similar levels in both groups.
The mean values for lactic or acetic acid in the feces did not differ between feeding groups. The amount of propionate, however, remained significantly higher in the fecal samples of the formula-fed infants compared with those of the breast-fed infants.
One-h incubation with lactose at pH 5.5. Results from acidification of the fecal incubate with HC1 were not significantly different from those obtained from acidification with acetic acid. Results from the incubates acidified with HC1 are presented.
The incubation of feces from formula-fed infants at pH 5.5 resulted in a nonsignificant decrease in the quantity of hydrolyzed lactose. Incubates of feces from the breast-fed group, however, had significantly decreased lactose hydrolysis, indicated by the significant increase in the amount of lactose that remained in the incubate. The increase in the amounts of glucose and galactose that remained in the fecal incubates of breast-fed infants (12%) was not significant ( Table 2 ). The increase in the amounts t Significance of differences between feeding groups, p < 0.05.
$Significance of differences within same feeding group, but with different pH, p < 0.05. of glucose and galactose that remained in the incubates of feces of formula-fed infants (68%) after the I-h incubation at pH 5.5 was significant compared with that after the I-h incubation at pH 6.8 ( p < 0.05). The amount of lactose hydrolyzed was significantly lower for breast-fed infants compared with that for formula-fed infants (Table 2) .
Analyses of VFA patterns. The VFA patterns were assigned to one of the major fermentation pathways based on the three reactions described in the "Materials and Methods." This analysis suggested that, at pH 6.8,62 to 64% of the fermentation followed the pattern of fermentation by bifidobacteria. The remainder could be accounted for by a combination of homolactate and propionate fermentation (Table 3) . The contributions to the total fermentation from these three pathways were different between the two feeding groups. Propionic acid fermentation accounted for 25% of the fermentation in the fecal incubates of the formulafed infants, and the homolactate fermentation accounted for 29% in the incubates of the breast-fed infants. At pH 5.5, the contribution to the total fermentation by the bifidobacteria pathway decreased and that by the homolactate pathway increased. ~e h e n t a t i o n via the homolactate pathway therefore accounted for 30 and 42% (in formula-fed and breast-fed infants, respectively) of the total. The diet-related difference in propionate fermentation remained unaffected.
Age-related changes. We found no relationship between the ages of the formula-fed infants and 1) the sum of VFA present in the baseline stool samples or in stool samples after a I-h incubation (Fig. I) , or 2) the amount of hexose present in stool samples after a I-h incubation (Fig. 2) . A significant positive correlation was found, however, between the ages of the breastfed infants and the amount of VFA present in the incubate after a 1-h incubation (regression equation: age = 26.9 + 0.232 VFA, ? = 33.7%, p = 0.03) (Fig. 1) . We found a significant negative correlation between the ages of the breast-fed infants and the hexose accumulated after a 1-h incubation at pH 6.8 (regression equation: age = 11 1 -0.92 remaining hexose, ? = 20.7%, p = 0.03) (Fig. 2) . DISCUSSION We wished to investigate whether differences between CHO fermentation by the fecal flora of formula-fed infants and that of breast-fed infants could I ) help characterize the flora and 2) provide further explanation for the observation that diarrhea is generally less severe in breast-fed infants. Duffy et al. (1 5) demonstrated that, although breast-fed infants did not have a lower incidence of infection by rotavirus than formula-fed infants, the severity of their diarrheal illness was lower. The hygienic practices inherent in breast-feeding and the immunologic factors in human milk may be, in part, responsible for the diminished severity of diarrhea in breast-fed infants. Another factor responsible for this phenomenon may be the manner in which the fecal flora of 7 Significance of differences within a feeding group, but with different pH, p < 0.05 by paired t test. Fig. 1 . Relationship between the age of the infants and the sum of the VFA present in stools at the end of 1-h incubation at pH 6.8, after the addition of lactose. Results of 1-h incubation added lactose were subtracted. A significant positive correlation was found for breast-fed infants (a), p = 0.03, but not for formula fed infants (0). The regression line is derived from the data from breast-fed infants.
breast-fed infants process the carbohydrate that arrives in the large bowel during a diarrheal episode (16). Unfermented carbohydrate in the colonic lumen produces an osmolar load that leads to water secretion and diarrhea.
In our study, additional lactose was readily hydrolyzed and fermented by bacteria in the feces of both groups of infants. Acidification and incubation of the feces, however, produced some differences between groups. In acidifying the feces, we chose a pH of 5.5 because it inhibited Hz production in fecal incubates to which CHO had been added, as demonstrated by Perman et al. (17) . In vivo, when the amount of CHO that arrives in the colon is larger than normal, bacteria ferment it to lactic acid and VFA. Under such conditions, a fecal pH of 5.5 or less can be observed in both breast-fed and formula-fed infants. To determine whether the accumulation of product (acetate) also had an effect on hydrolysis and fermentation, we used two different substances to acidify each stool homegenate: acetate and HC1. We observed no significant differences in results obtained from acetate-acidified incubates compared with those obtained from HC1-acidified incubates, which indicated that pH was the important variable with regard to changes in hydrolysis and fermentation.
We observed that the feces of breast-fed infants hydrolyzed significantly less lactose at pH 5.5 (84 Pmol/g) than at pH 6.8 (99 ~rnol/g), whereas the amount of lactose hydrolyzed by the feces of formula-fed infants was not significantly affected by the change in pH. In addition, at pH 5.5 the proportion of the hydrolyzed lactose that was fermented decreased by 25% and the concentration of hexose increased in both feeding groups, in parallel with the decline in the amount of VFA produced. The increase in hexose concentration was particularly marked in the feces from formula-fed infants, because the decrease in fermentation was not balanced by a significant decrease of lactose hydrolysis.
These observed differences could be explained by differences in the pK of bacterial enzymes. A rapid inhibition of hydrolytic enzymes in the fecal bacteria of breast-fed infants may be responsible for the observed lactose accumulation. Our results indicate that an acid pH in the feces of breast-fed infants primarily inhibits disaccharide hydrolysis by the flora, whereas the same pH in the feces of formula-fed infants primarily inhibits fermentation by the flora. If this observation were true in vivo, i.e. if lactose, rather than its constituent monosaccharides, accumulated in the colonic lumen of breast-fed infants with diarrhea, these infants would have the advantage of a lower osmolar load compared with that of formula-fed infants.
The mean total calculated osmolarity in our samples was 300 mosmol/L for the incubates of formula-fed infants and 244 mosmol/L for breast-fed infants. The in vitro incubation system, however, does not allow for the disappearance of formed VFA, which occurs in the colon. In addition, the amount of lactose that we added to the incubates was arbitrary, and differences in total colonic content (particularly qualitative and quantitative Fig. 2 . Relationship between the age of the infants and the hexose remaining in stools at the end of 1-h incubation at pH 6.8, after the addition of lactose. Results of 1-h incubation without added lactose were subtracted. A significant negative correlation was found for breast-fed infants (a), p = 0.03, but not for formula-fed infants (0). The regression line is derived from the data from breast-fed infants.
